1078 



Research Article 



A trade-off between natural and acquired antibody 
production in a reptile: implications for long-term 
resistance to disease 

Franziska C. Sandmeier 1 '*, C. Richard Tracy 1 , Sally DuPre 2 and Kenneth Hunter 2 

1 Ecology, Evolution, and Conservation Biology Program, Department of Biology, University of Nevada, Reno, NV 89557, USA 
department of Microbiology and Immunology, University of Nevada, Reno, NV 89557, USA 

*Author for correspondence (fcsandmeier@gmail.com) 

Biology Open 1 , 1078-1082 
doi: 10.1242/bio.201 22527 
Received 11th July 2012 
Accepted 30th July 2012 



Summary 

Vertebrate immune systems are understood to be complex and 
dynamic, with trade-offs among different physiological 
components (e.g., innate and adaptive immunity) within 
individuals and among taxonomic lineages. Desert tortoises 
(Gopherus agassizii) immunised with ovalbumin (OVA) 
showed a clear trade-off between levels of natural antibodies 
(NAbs; innate immune function) and the production of 
acquired antibodies (adaptive immune function). Once 
initiated, acquired antibody responses included a long-term 
elevation in antibodies persisting for more than one year. The 
occurrence of either (a) high levels of NAbs or (b) long-term 
elevations of acquired antibodies in individual tortoises 



suggests that long-term humoral resistance to pathogens may 
be especially important in this species, as well as in other 
vertebrates with slow metabolic rates, concomitantly slow 
primary adaptive immune responses, and long life-spans. 

© 2012. Published by The Company of Biologists Ltd. This is 
an Open Access article distributed under the terms of the 
Creative Commons Attribution Non-Commercial Share Alike 
License (http://creativecommons.Org/licenses/by-nc-sa/3.0). 
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Introduction 

Trade-offs among components of the vertebrate immune 
system are a common phenomenon and occur when one 
portion of the immune system is up-regulated while another 
portion is down-regulated. Examples of such trade-offs include 
cell-mediated versus humoral immunity and more generally, 
innate versus adaptive immunity (Norris and Evans, 2000; 
Janeway et al., 2005). Factors such as stage of development, 
reproductive status, and seasonality in behaviour often cause 
such trade-offs in which one component of the immune system 
functionally compensates for the loss or reduction of another 
component. (Norris and Evans, 2000; Salvante, 2006). 
Recently, Ujvari and Madsen showed that increases in 
natural antibodies (henceforth NAbs) in water pythons 
appear to compensate for the immunosenescence of the 
adaptive immune system due to ageing (Ujvari and Madsen, 
2011). Interestingly, such patterns in compensatory trade-offs 
are usually species specific, and therefore are often not 
considered in studies of the ecological immunology of non- 
model organisms (Norris and Evans, 2000; Matson et al., 2006; 
Salvante, 2006). This failure to take trade-offs into 
consideration is mostly due to a simple lack of knowledge of 
the myriad of potential and complex interactions in a species' 
immune system (Norris and Evans, 2000). However, failure to 
measure such compensatory interactions may lead to erroneous 
conclusions in studies of ecological immunology, health, 
epidemiology of diseases, and evolution of host-pathogen 
relationships in wild vertebrate populations. 



Here, we focus on humoral immunity, or antibody responses, 
of the desert tortoise (Gopherus agassizii) (Cooper, 1863), 
because for this species and other threatened and endangered 
species of testudines (turtles, terrapins, and tortoises), antibody- 
testing has served as a proxy for infection-status (Herbst et al., 
1998; Herbst et al, 2008; Coberley et al, 2001; Jacobson and 
Origgi, 2007; Sandmeier et al., 2009). In the Mojave population 
of the desert tortoise, tests for acquired antibodies to one 
particular pathogen (Mycoplasma agassizii) (Brown et al., 1994) 
influence important conservation decisions, including prioritising 
habitat for preservation and the fate of translocation programs 
(Sandmeier et al., 2009; U.S. Fish & Wildlife Service Revised 
Recovery Plan for the Mojave Population of the Desert Tortoise 
(Gopherus agassizii), 2011 (http://ecos.fws.gov/tess_public/ 
TESSWebpageRecovery?sort= 1)). 

Recent studies in ecological immunology have stressed the 
importance of examining "innate", or constitutive, immunity, in 
addition to acquired immunity in vertebrates (Matson, 2006; 
Salvante, 2006; Martin et al., 2008). Constitutive immune 
mechanisms may be more important to ectothermic vertebrates 
due to their slow metabolic rates and their relatively slow 
acquired immune responses of low magnitude (Hsu, 1998; Bayne 
and Gerwick, 2001; Chen et al., 2007). Importantly, the nature of 
trade-offs between constitutive and acquired components of the 
immune system may differ between ectothermic and endothermic 
lineages of vertebrates. 

Here, we consider the influence of one component of 
constitutive immunity, NAbs, on the production of acquired 



Trade-offs in tortoise humoral immunity 1079 



antibodies in desert tortoises. Desert tortoises have recently been 
shown to have relatively high levels of NAbs to M. agassizii, and 
levels of these NAbs to this pathogen appear to vary significantly 
among individuals (Hunter et al., 2008; Sandmeier et al., 2009). 
Unlike acquired antibodies, NAbs are encoded in the genome 
(Kantor and Herzenberg, 1993; Baccala et al., 1989; Casali and 
Notkins, 1989; Baumgarth et al., 2005), are mainly of the IgM 
isotype (Casali and Schettino, 1996; Baumgarth et al., 2005), and 
are thought to be an important component of innate immunity 
against infectious agents (Briles et al., 1981; Szu et al., 1983; 
Ochsenbein et al., 1999; Baumgarth et al., 2000; Baumgarth et 
al., 2005; Sinyakov et al., 2002). 

As in other species, NAbs in tortoises historically have been 
ignored as "non-specific background noise" in immunological 
assays (Schumacher et al., 1993; Brown et al., 1994; Sandmeier 
et al., 2009). However, NAbs may either enhance acquired 
immune responses (Ehrenstein et al., 1998; Boes, 2000; 
Ochsenbein and Zinkernagel, 2000) or in other cases, reduce 
acquired immune response through the process of epitope 
masking (Madsen et al., 2007; Parmentier et al., 2008; Ujvari 
and Madsen, 2011). 

Here, we describe the humoral response in the desert tortoise to 
immunisation with ovalbumin (OVA). OVA is an immunogenic 
protein of moderate size, known to stimulate B-cells and produce 
strong antibody responses in vertebrates (Parslow, 2001). We 
were able to quantify levels of NAbs to OVA by measuring levels 
of antibody prior to OVA-exposure, as all tortoises have some 
level of NAbs that bind to OVA (F.C. Sandmeier, Immunology 
and Disease in the Mojave Desert Tortoise (Gopherus agassizii), 
PhD thesis, University of Nevada, Reno, 2009). Specifically, we 
assessed (1) levels of NAbs to OVA of individual tortoises with 
respect to season and gender, (2) the interaction between levels of 
natural and acquired antibodies upon immunisation with OVA, 
and (3) long-term elevations in acquired antibodies more than a 
year after the animals' exposure to OVA. 

Materials and Methods 

Experimental design 

Twenty captive, adult desert tortoises were used in this experiment. All tortoises 
had been reared in captivity for 15—20 years, and all had neither any known 
infections nor exposure to wild tortoises. Sixteen tortoises were each given two 
0.5 ml intradermal injections (one in each forelimb) of OVA (Sigma Chemical 
Co., St. Louis, Missouri, USA) in Ribi's adjuvant (Ribi ImmunoChem Research, 
Inc., Hamilton, Montana, USA). Because brumation, or winter dormancy in 
reptiles, is known to influence immunisation in testudines (Ambrosius, 1976), 
eight tortoises were immunised in November 2005 prior to brumation (winter- 
immunised group), and eight were immunised in April 2006 after brumation 
(spring-immunised group). Treatment groups in both winter and spring had equal 
numbers of females and males. A blood sample was taken from each animal prior 
to treatment to establish each individual's NAb titre and to calculate relative 
increases in each animal's acquired antibodies. Hence, these samples were used as 
individual controls in statistical analyses. 

As a procedural control, an additional four tortoises were treated equivalently, 
except they were given injections of sterile saline solution in lieu of OVA/Ribi's 
adjuvant. Due to this small sample size, constrained by the availability of adult 
(>10 years in age), captive-raised tortoises, these procedural controls are only 
depicted visually in our results, and are not included in statistical analyses. 

Animal husbandry and sampling 

Tortoises were housed at the University of Nevada, Reno (USA), were fed a diet of 
alfalfa and green vegetables several times weekly, and once weekly offered water 
for hydration in a tub of shallow water. Brumation (at 13 °C) was gradually induced 
in December, and animals were allowed to brumate for one and a half months. One 
spring-immunised female was removed from the experiment during the course of 
treatments due to a decline in health. Two additional animals were not available 
for blood collection one year later. 



Blood samples (2 ml) were drawn from the subcarapacial sinus (Hernandez- 
Divers et al., 2002) prior to immunisation in November 2005. After immunisation, 
0.5—1.0 ml of blood was taken every two weeks until September 2006 (for the 
winter- immunised group), and until November 2006 (for the spring-immunised 
group). A final blood sample was taken from all animals approximately one year 
after the last immunisation treatment, in August 2007, 16 and 14 months after 
immunisation for the winter and spring immunised groups, respectively. All blood 
samples were collected in heparinized tubes and centrifuged, and plasma was 
frozen at — 30°C. All work was conducted in accordance with permits issued by the 
Institutional Animal Care and Use Committee (A06/07-49) and the Nevada 
Division of Wildlife (S33080). Because the tortoise antibody response was 
consistently slower than we had estimated at the outset of the experiment, only 
the pre- immunisation, 27-week post- immunisation, and 12/14 months post- 
immunisation samples were used in statistical analyses of humoral responses. 
However, we used a subset of known positive and negative samples from across 
the time-frame of the experiment to calculate the sensitivity and specificity of the 
ELISA. 

Enzyme-linked immunosorbent assay (ELISA) 

ELISA titres are both a measure of the amount of antibody and its affinity for the 
antigen, OVA. OVA-specific antibody titres present in frozen blood plasma 
samples were assayed using a slightly modified version of the polyclonal ELISA, 
described in detail by Hunter et al. (Hunter et al., 2008). Briefly, Immulon IB 96- 
well plates (Thermo Fisher Scientific, Inc., Waltham, Massachusetts, USA) were 
coated with 50 ^1 per well of OVA in PBS (10 (ig/fil). Plates were incubated 
overnight at 4°C and washed four times with PBS. Wells were blocked with 
200 (iL of a 5% non-fat dry milk PBS solution and incubated for 2 hr at 4°C. Plates 
were washed four times with PBS containing 0.05% Tween 20 (PBS-T). 
Subsequent washes were performed in the same manner. 1:10, 1:100, 1:1,000, 
and 1 : 1 0,000 dilutions of tortoise plasma were made in PBS-T, 50 Jil of which was 
added to each well, and incubated overnight at 4°C. Plates were washed and 50 (il 
of a 1:10,000 dilution of polyclonal rabbit anti-tortoise Ig reagent (heavy and light 
chain reactive) (Hunter et al., 2008) were added to each well and incubated for 
1 hour at room temperature. Plates were washed, and 50 (iL of goat anti-rabbit IgG 
conjugated with horseradish peroxidase (Zymed, San Francisco, California, USA) 
was added at a 1:5,000 dilution to each well and incubated for 1 hour at room 
temperature. Plates were washed, and 50 jlL of the TMB Microwell Peroxidase 
Substrate System (KPL, Gaithersburg, Maryland, USA) was added to each well. 
Plates were incubated for 20—25 min at room temperature, and 50 jiL of 1 N 
hydrochloric acid was added to each well to stop the reaction. Optical density was 
read at 405 nm using a Spectra-Max micro-ELISA reader (Molecular Devices, 
Hercules, California, USA). End-point titres (at a cut-off value of 1.0) were 
calculated for each sample by plotting dilution versus absorbance (OD) using a 
best-fit line to approximate the linear portion of each resultant curve at a cut-off 
value of 1.0 OD. 

To adjust for the small variability among ELISA plates, one standard sample of 
tortoise plasma, serially diluted to match experimental samples, was run on each 
ELISA plate. Additional controls to test for cross-reactivity of the reagents (anti-tortoise 
polyclonal rabbit antibody and anti-tortoise goat antibody) were run on each plate. 
Neither reagent interacted with the OVA antigen under the conditions of the assay. 

Statistical analyses 

To standardize our results with those from previous studies on reptilian 
immunology (i.e., the ml e -of- thumb of using a 3-fold increase as a positive 
antibody response (Origgi, 2007)), we primarily ran our analyses on proportional 
responses in OVA-specific antibodies (Ab titre/NAb titre of that animal). 
However, to avoid spurious results due to comparing two ratios (Packard and 
Boardman, 1999), in those analyses we instead used the increase in antibody titres 
(Ab titre - NAb titre of that animal). Non-parametric statistics (Mann- Whitney U 
tests and Spearman rank- correlat ions) were used because our samples had unequal 
variances, likely exacerbated by unavoidably small sample sizes. We used a 
significance level of a~0.05, and all statistical analyses were run in Aabel (Aabel 
3, Gigawiz Ltd. Co.). 

Results 

All tortoises exhibited a minimum lag time of four weeks in 
exhibiting any increase in antibody titres (Ab titre post-treatment/ 
NAb of that animal) and only produced consistent, maximum 
antibody titres at 27 weeks post-treatment (Fig. 1). In addition, 
there was no measurable drop in antibody titres during the year 
(spring through fall, 2006) in which the experiment was run 
(Fig. 1). We calculated a sensitivity of 0.94 and specificity of 
0.98, based on other known positive and negative samples from 
these same animals. 
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Fig. 1. Mean proportional increases in OVA-specific antibody titres versus 
time after primary immunisation. Standard deviations around the mean are 
shown for both experimentally-immunised tortoises (n=16) and procedural 
control animals (n=4). Due to variable levels of pre-immunisation NAbs to 
OVA among animals, the proportional increase in antibodies for each animal is 
(Ab titre at time .v)/(pre-immunisation NAb titre). 



All tortoises had relatively high levels of NAbs to OVA. NAb 
titres in the winter were significantly lower than NAb titres in the 
spring (n=8) (two-tailed Mann- Whitney U: Z=- 1.890; 
p=0.029). Gender did not influence NAb titres (males (n=8), 
females (n=8); two-tailed Mann- Whitney U: Z= -0.105; 
p>0.5). 

Maximum titres of acquired antibodies were significantly 
elevated over pre-immunisation NAb titres (n=15; one-tailed 
Mann- Whitney U: Z= -2.883; p=0.002) (Fig. 1). A significant, 
negative relationship existed between an animal's NAb titres and 
its maximum, acquired antibody response (n= 14; minus outlier) 
(Spearman's rank correlation: r s = — 0.52, p (one-tailed)=0.028) 
(Fig. 2). 

Antibody titres more than one year post-treatment (n=14) 
were significantly higher than pre-immunisation antibody titres 
(one-tailed Mann- Whitney U: Z= -2.895; p=0.002) (Fig. 1). 
Maximum increases in antibody titre (antibody titre at 27 weeks 
post-immunisation - NAb titres; n= 14) were positively 
correlated with titre increases one year post-treatment (antibody 
titres 12 or 14 months post-immunisation - NAb titres) 
(Spearman's rank correlation (minus outlier): r s =0.725; p (one- 
tailed)=0.003). Of these re-sampled tortoises, seven out of nine 
tortoises still tested positive for acquired antibodies to OVA 12- 
14 months after immunisation. 

Discussion 

We found three prominent patterns not previously described in 
desert tortoises. Some of these patterns, mainly the negative 
relationship between NAbs and the acquired antibody response, 
have only been described in a small number of other species (e.g., 
Parmentier et al., 2008; Ujvari and Madsen, 2011). These 
patterns included (1) high levels of NAb to OVA, with high 
variability among individuals (Fig. 2), (2) a negative relationship 
between NAb titres and the production of acquired antibodies 
(Fig. 2), and (3) a prolonged time period during which acquired 
antibody levels remained elevated (Fig. 1). 

Interestingly, titres of NAbs to OVA were not equally high in 
all tortoises, and even within our sample of 16 tortoises there was 
a large amount of individual variation in NAb titres. Large 
individual variation in ecologically-significant levels of NAbs 
also have been reported in humans, mice, birds, and fish (Ben- 
Aissa-Fennira et al., 1998; Sinyakov et al., 2002; Parmentier et 
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Fig. 2. Relationship between each tortoise's maximum, increase in OVA- 
specific antibody titres at week 27 [(Ab titre at week 27)/( NAb titre pre- 
immunisation)! versus the animal's NAb titre pre-immunisation. Animals 
with high NAb titres showed significantly smaller increases in antibodies due to 
immunisation (minus outlier: r s =— 0.52, p=0.028). 

al., 2004; Kachamakova et al., 2006). Due to the inherent 
polyspecificity of NAbs, we hypothesise that high NAb levels to 
OVA in tortoises may indicate high levels of NAbs to actual 
pathogens and greater resistance to pathogenic disease (Gonzalez 
et al., 1988; Flajnik and Rumfelt, 2000; Baumgarth et al., 2005). 
For example, chickens with high titres of NAbs to an artificial 
antigen (sheep red blood cells) tended to have high titres to a 
variety of other antigens (Parmentier et al., 2004). Combined 
with the (often) protective nature of NAbs against pathogens 
(Briles et al., 1981; Cartner et al., 1998; Baumgarth et al., 2000; 
Sinyakov et al., 2002), the individual variation in NAbs measured 
in this study could very well be important in ecological and 
evolutionary dynamics of disease in wild tortoise populations. 
However, with the exclusion of M. agassizii (Hunter et al., 2008), 
little is known about the reactivity of the desert tortoise NAb 
repertoire to a variety of pathogens. 

The negative relationship between NAb titres and the 
magnitude of the acquired antibody response (Fig. 2) suggests 
that NAbs may have had a biological effect through epitope 
masking. Epitope masking refers to the binding of antigen (the 
substance recognized as "foreign" by the immune system) by 
constitutive molecules, such as NAbs, which then reduce the 
amount of "free" antigen and the magnitude of the subsequent 
acquired response (Janeway et al., 2005). For example, in fish, 
there appears to be a general negative relationship between levels 
of NAbs and levels of acquired antibody produced in response to 
vaccinations (Sinyakov et al., 2002; Sinyakov et al., 2006; 
Sinyakov and Avtalion, 2009). The failure of water pythons 
(Liasis fuscus) to make an acquired antibody response to 
immunisations was attributed to such a masking function of 
NAbs (Madsen et al., 2007). Furthermore, water pythons showed 
an increase in NAbs with age, which correlated with a reduction 
in the acquired immune response with age, also attributed to the 
effect of epitope masking (Ujvari and Madsen, 2011). Thus, 
NAbs may provide protection against pathogens, with high levels 
lowering the need for the acquired immune system to mount a 
response. 

Just as the tortoises' acquired antibody titres to OVA remain 
conspicuously elevated for over a year, likewise persistent 
antibody responses have been observed in other vertebrates and 
may be an especially common phenomenon in ectothermic 
vertebrates. For example, Herbst et al., observed a long-lived 
antibody response in two individuals of green sea turtle 
(Chelonia mydas), which had elevated IgY levels for at least 
20 months after experimental infection with chelonid 
fibropapillomatosis-associated herpes virus (Herbst et al., 
2008). Long-lived, antibody-secreting cells have been observed 
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in the bone marrow of mammals and the anterior kidney of fish 
and function to produce antibodies for months to years (Slifka et 
al., 1995; Slifka and Ahmed, 1996; Manz et al., 1998; Kaattari et 
al., 2005). For example, in rainbow trout {Oncorhyncus mykiss), 
long-lived B-cells are activated by antigen, migrate to the 
anterior kidney, and produce all or most of the circulating levels 
of antibody present in the late humoral response (Bromage et al., 
2004; Kaattari et al., 2005). 

Kaattari et al. suggest that long-lived, antibody-secreting 
plasma cells may be responsible for the arithmetic (versus 
geometric) increases in antibody titre often observed upon 
secondary exposure to antigens in fish (Kaattari et al., 2005). 
Arithmetic increases in antibody titre are also commonly 
observed in reptiles (Ambrosius, 1976; Jacobson and Origgi, 
2007; Origgi, 2007) and also may be associated with long-lived, 
antibody-secreting plasma cells. While desert tortoises may 
possess long-lived plasma cells that produce antibodies for 
extended periods, the half-lives of desert tortoise 
immunoglobulins have not, to our knowledge, been evaluated 
or reported. Therefore, the persistence of high titres of acquired 
antibodies could also be due to persistent antibody molecules 
with extremely long half-lives in addition to, or instead of, long- 
lived plasma cells. 

It is likely advantageous to ectothermic vertebrates with low 
metabolic rates and slow humoral immune responses to retain 
persistent antibodies to ensure some resistance to previously 
encountered pathogens. Indeed, reptiles are known to have very 
slow primary humoral responses, which develop within four to 
six weeks instead of the four to six days typical of mammalian 
responses (Zimmerman et al., 2010; Janeway et al., 2005). Such a 
slow response calls into question its efficacy, given the potential 
for the growth of pathogens to out-pace the immune system. 
However, persistent antibodies provide insurance of protection 
against secondary exposure to a pathogen, much like NAbs 
provide protection against common pathogens that an individual 
is likely to encounter in its lifetime. We hypothesize that both 
long-term, acquired antibodies and NAbs provide reptiles with 
necessary protection from infections without the need for the 
animal to wait for the protection provided by a secondary, or 
even a primary, humoral response. 

In addition, once the reptile mounts a primary humoral 
response, it tends to be of a relatively low magnitude in 
comparison to mammalian responses (Hsu, 1998). For example, 
our immunisation of tortoises with OVA produced a maximum, 
primary humoral response of a 20- to 30-fold increase in antibody 
titres (Fig. 1). In contrast, mammals usually respond to such an 
immunisation with OVA with 100-fold increase in antibody titres 
(Leishman et al., 1998; Parslow, 2001). However, the true value 
of the slow, low-magnitude antibody response of reptiles may be 
in the protection it provides against the same pathogen in the 
future. 

Our findings also have practical implications for the 
conservation of Testudines that likely can be expanded to other 
ectothermic vertebrates. Most species of Testudines (especially 
those in the Testudinidae; tortoises) are considered to warrant 
special conservation concern and protection, as many populations 
are declining globally; see the IUCN Red List of Threatened 
Species, version 2012.1 (http://www.iucnredlist.org), downloaded 
on 20 August 2012. Diseases of Testudines are often cryptic, and 
serological tests for quantifying pathogen-specific antibodies have 
been widely used to indicate the disease-status of both individuals 



and populations (Herbst et al., 1998; Herbst et al., 2008; Coberley 
et al., 2001; Jacobson and Origgi, 2007; Sandmeier et al., 2009). 
Levels of NAbs or long-term elevations in acquired antibodies due 
to past exposure have seldom been considered in these assessments 
(but see Hunter et al., 2008). Given our results demonstrating a 
potential trade-off between NAb levels and acquired humoral 
immune responses, NAb titres should be included in analyses of 
acquired antibody titres to assess whether epitope-masking might 
be reducing the acquired response. 

The quantification of NAbs is needed to expand our knowledge 
of the immune system of the tortoises, other ectothermic 
vertebrates, and other vertebrates in general. Understanding the 
interactions between constitutive and acquired immunity (as well 
as possibly interacting factors such as the roles played by 
seasonality, ambient temperature, gender, breeding condition, 
and metabolic rates), will lead to a better understanding of the 
biology and ecology of host-pathogen interactions in ectothermic 
vertebrates. Furthermore, a more complete understanding of the 
full array of constitutive, and acquired, parameters in the reptilian 
immune system would allow for increased accuracy in 
diagnosing levels of pathogen exposure as well as host 
resistance in natural populations. The evolutionary significance 
of a greater reliance on constitutive versus acquired immune 
parameters in reptiles has not been adequately explored, but such 
research will likely provide insights into current and past 
pathogen pressures, life history trade-offs in reptiles, and the 
evolution of the vertebrate immune system. 
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